We sought to demonstrate geometric changes in the tricuspid valve (TV) apparatus after tricuspid annuloplasty (TAP) and to identify predictors of residual tricuspid regurgitation (TR) in patients with functional TR using real-time threedimensional echocardiography (RT3DE).
RT3DE and two-dimensional colour Doppler echocardiography were performed in 59 consecutive patients before and 4.7 + 2.1 days after TAP. The tenting angles of the three leaflets were significantly increased, whereas tenting volume, annulus diameters, and septal-lateral right ventricular inlet dimension decreased after TAP. By multiple stepwise linear regression analysis, tenting volume (P , 0.001) and antero-posterior annulus diameter (P ¼ 0.043) before TAP were major predictors of residual TR assessed using distal jet area. When TR severity was quantified by vena contracta width, tenting volume (P , 0.001) before TAP was the only independent predictor. Pre-TAP tenting volume ≥1.68 mL (sensitivity of 86%, specificity of 73%), and ≥2.30 mL (sensitivity of 100%, specificity of 84%) were the best cut-off values predicting severe residual TR quantified using distal jet area and vena contracta width, respectively. After TAP, tenting volume and pulmonary artery systolic pressure were major determinants of residual TR.
Conclusion
Tenting angles of all three leaflets increase, whereas annulus diameters decrease, after TAP. Pre-TAP tenting volume and antero-posterior annulus diameter measured using RT3DE are independent predictors of residual TR severity, and measurement of these parameters may help to identify patients at high risk for severe residual TR, for whom TV replacement should possibly be initially considered.
-----------------------------------------------------------------------------------------------------------------------------------------------------------

Keywords
Tricuspid regurgitation † Surgery † Echocardiography Functional tricuspid regurgitation (TR) without any deformation of the tricuspid valve (TV) is often caused by left-sided valvular heart disease. As the severity of TR is associated with prognosis, 1 -3 tricuspid annuloplasty (TAP) is recommended when left-sided valve surgery is necessary in patients with significant functional TR. 4 However, significant residual TR has been reported in 10-45% of such patients after TAP. 5 -10 Knowledge of the geometric changes in the TV apparatus after TAP may be important in solving this clinical problem, and real-time three-dimensional echocardiography (RT3DE) makes possible a precise geometric analysis of the three leaflets of TV, as well as the annulus. 11 -13 Furthermore, pre-TAP predictors of residual TR after TAP remain to be established. Although TV tenting area measured using twodimensional echocardiography was reported to be a good predictor of residual TR, 5 this measurement may be influenced by the angle and location of the two-dimensional plane, which also depends on the echocardiographic chest wall window of an individual patient. To predict the success of TAP and to make a clinical decision with respect to TV annuloplasty or replacement, it is necessary to find a concrete and objective predictor of residual TR. Therefore, the aim of this study was to evaluate geometric changes in the TV apparatus after TAP and to determine pre-TAP geometric predictors of significant residual TR, using RT3DE.
Methods
Study population
Fifty-nine consecutive patients with significant functional TR (mean age: 61 + 11 years; 37 females) were prospectively enrolled, and twodimensional echocardiography and RT3DE were performed before and 4. Echocardiography and measurements RT3DE was performed to obtain an image set of the TV from the low parasternal or apical view using SONOS 7500 or i33 instruments with a 2-4 MHz 3000-element xMATRIX transthoracic transducer (Philips, Andover, MA). Images were obtained after the gain, compression controls, and time gain compensation settings were optimized to ensure image quality. Full-volume data sets were acquired from patients with regular sinus rhythm in the wide-angled acquisition (938 × 808) mode, in which four wedge-shaped subvolumes (938 × 208 each) were obtained from four different cardiac cycles during suspended respiration. Acquisition was triggered to the R wave of every other cardiac cycle to allow time for storage of each subvolume, resulting in a total acquisition time of seven heartbeats. RT3DE zoom imaging was used in patients with atrial fibrillation as data could be acquired during a single cardiac cycle, thus not requiring four regular consecutive cycles for acquisition.
In patients with atrial fibrillation, three images were acquired over three different beats. Care was taken to include the TV annulus and valve leaflets in the full-volume or zoom image sets. The RT3DE images were digitally stored on a hard disk in the echocardiography instrument, and transferred to a personal computer for offline analysis. Using dedicated software (Tomtec, Munich, Germany), three longitudinal planes, which perpendicularly crossed the middle of each leaflet, were generated using guidance on the short-axis image of the TV ( Figure 1A ). On each of the three longitudinal planes, the leaflet tenting angles between the tricuspid annulus line and the three leaflets (anterior: Aa, posterior: Pa, septal: Sa), and the lengths of the three leaflets, were measured on a mid-systole frame.
11 Septal-lateral and antero-posterior longitudinal planes, which were mutually perpendicular, were created to measure septal-lateral and antero-posterior tricuspid annulus diameters ( Figure 1B) . The TV annulus point after TAP was localized at the native annulus, and not at the surgical ring position. Right ventricular (RV) inlet dimensions were also measured 1 cm away from, and parallel to, the annulus lines, on both septal-lateral and anteroposterior planes. All measurement points marked on RT3DE still frames were verified by overlap with moving images. The tricuspid tenting volume was also measured from a mid-systole frame by tracing tenting areas in eight radial planes 22.58 apart. 16 In patients with atrial fibrillation, three measurements from three different beats were averaged. All measurements were performed using a mid-systole frame on which TV tenting appeared to be smallest. Using two-dimensional Doppler echocardiography, pulmonary artery systolic pressure was estimated from the TR velocity with the modified Bernoulli equation: 4 × (velocity) 2 + right atrial pressure. 17 Right atrial pressure was estimated as 5 mmHg if the inferior vena cava (IVC) was not dilated (,1.7 cm) and there was a 50% decrease in the diameter during inspiration, 10 mmHg if the IVC was dilated with normal inspiratory collapse, and 15 mmHg if the IVC was dilated and did not collapse with inspiration. 18 RV end-systolic and end-diastolic areas were measured from the apical four-chamber view, and RV function was assessed by fractional area change of RV. 19 RV dysfunction was defined as fractional area change of RV ,25%. 18 The distal jet area and vena contracta width of TR on the two-dimensional colour Doppler image were used for quantification of TR severity. 20 Residual severe TR was defined as a TR with a distal jet area .10 cm 2 and moderate TR as a TR with a distal jet area of 5-10 cm . When vena contracta width was used for assessment of TR severity, residual severe TR was defined as a TR with a vena contracta width .7 mm. post-TAP measurements were evaluated using paired t-tests. If the continuous data did not show normal distribution, Wilcoxon signed-rank test was performed. Comparisons of mean values among the three groups were performed using one-way ANOVA and post hoc analysis. We employed univariate linear regression with TR distal jet area or vena contracta width after TAP as a dependent variable, and other measurements as independent variables. Next, multivariate analysis based on stepwise multiple linear regression analysis was implemented and the final model, which included variables with P , 0.10, was derived to discover independent determinants among measurements with significant univariate correlations (P , 0.1). A receiver-operating characteristics (ROC) curve analysis was performed to determine the best cut-off values for predicting severe TR after TAP. Univariate logistic regression analyses were performed to identify clinical and echocardiographic predictors for severe remnant TR. Random RT3DE images were selected in 10 patients before TAP, 10 patients after ring annuloplasty, and 10 patients after DeVega annuloplasty, and were analysed offline, at different times, by two independent blinded observers, and by the same observer. Inter-and intra-observer variabilities were evaluated by means of the intraclass correlation coefficient (ICC). A P-value ,0.05 was considered significant.
Statistical analysis
Results
Geometric changes in the TV apparatus after TAP
The tenting angles of the three leaflets (Aa, Pa, and Sa) significantly increased, whereas septal-lateral and antero-posterior annulus diameters decreased, after TAP, compared with values before TAP (Table 2, Figure 2 ). Septal-lateral RV inlet dimension significantly decreased after TAP, but antero-posterior RV inlet dimension did not. Tenting volume of the TV was significantly reduced after TAP. These tendencies stayed similar irrespective of surgical techniques ( Table 2) . RV end-diastolic area was significantly reduced after TAP (14.1 + 5.1 to 12.9 + 3.6 cm 2 , P ¼ 0.039), whereas RV endsystolic area stayed similar (9.2 + 4.2 to 9.0 + 3.8, P ¼ 0.690), which led to decrease in RV fractional area change with marginal significance after TAP (36 + 13% to 32 + 14%, P ¼ 0.060).
Pre-TAP determinants of residual TR
Of the total of 59 patients, 7 (12%) and 16 (27%) showed severe and moderate residual TR, respectively, when TR was assessed using distal jet area. Three patients (5%) showed severe residual TR, when TR was assessed using vena contracta width. Comparisons of pre-and post-TAP measurements among patients with mild, moderate, and severe residual TR after TAP are summarized in Table 3 . The mean distal jet areas of residual TR in these three groups were 1.0 + 0. , respectively. Pre-TAP TR distal jet area, Aa, Sa, antero-posterior annulus diameter and RV inlet dimension, and tenting volume were significantly different among the three groups. Post-TAP antero-posterior annulus diameter and RV inlet dimension, and tenting volume were also significantly different among the three groups.
By multiple stepwise linear regression analysis using pre-TAP variables, tenting volume (P , 0.001) and antero-posterior Residual TR after tricuspid annuloplasty annulus diameter (P ¼ 0.043) before TAP were independent predictors of residual TR as assessed by distal jet area ( Table 4) . When tenting volume, a composite geometric variable incorporating all geometric factors such as leaflet tenting and annulus diameters, was removed from the list of variables, pre-operative Sa (P ¼ 0.009) and antero-posterior annulus diameter (P ¼ 0.006) were independent predictors of residual TR, whereas TR jet area before TAP was not (P ¼ 0.076). In regard to TAP surgical techniques, antero-posterior annulus diameter (P ¼ 0.032), tenting volume (P ¼ 0.001), and Sa (P ¼ 0.003) were the only major predictors in patients who underwent TAP using DeVega method, Duran ring, and Carpentier ring, respectively. Among postoperative geometric variables, pulmonary artery systolic pressure (P , 0.001), tenting volume (P ¼ 0.002), and RV end-systolic area (P ¼ 0.027) were major determinants of residual TR as assessed by distal jet area.
When TR severity was quantified by vena contracta width, tenting volume before TAP remained as the only independent predictor of residual TR by multiple linear regression analysis using pre-TAP variables (P , 0.001, Table 5 ). When tenting volume was removed from the list of variables, pre-operative vena contracta width (P , 0.001) and RV fractional area change (P ¼ 0.024) were independent predictors of residual TR. Among postoperative geometric variables, pulmonary artery systolic pressure (P , 0.001) and tenting volume (P ¼ 0.016) were determinants of residual TR as assessed by vena contracta width. By ROC curve analyses, pre-TAP tenting volume ≥1.68 mL (sensitivity of 86%, specificity of 73%), Sa ≥19.48 (sensitivity of 86%, specificity of 75%), and antero-posterior annulus diameter ≥36 mm (sensitivity of 100%, specificity of 65%) were the best cut-off values for predicting severe residual TR assessed by distal jet area after TAP ( Figure 3A and upper panels of Figure 4 ). When TR severity was assessed using vena contracta width, pre-TAP tenting volume ≥2.30 mL (sensitivity of 100%, specificity of 84%), RV fractional area change ≤32.5% (sensitivity of 100%, specificity of 70%), and vena contracta width ≥5.9 mm (sensitivity of 100%, specificity of 48%) were the best cut-off values for predicting severe residual TR assessed by vena contracta width after TAP ( Figure 3B and lower panels of Figure 4 ). Univariate logistic regression analyses were performed to identify predictors for residual severe TR after TAP, including three RT3DE geometric variables, mitral valve replacement, Maze operation, post-operative atrial fibrillation, TV ring (vs. DeVega) annuloplasty, and postoperative RV dysfunction ( Table 6 ). Only RT3DE geometric variables before TAP were significant predictors of severe residual TR assessed by distal jet area after TAP.
Inter-and intra-observer variability in RT3DE measurements
Intra-and inter-observer variabilities in measurements of geometric variables using RT3DE were presented separately as before TAP, after ring annuloplasty, and after annuloplasty using DeVega method in Table 7 . ICCs were acceptable as a whole, although those before TAP tended to be higher than those after TAP.
Discussion Geometric changes in the TV apparatus after TAP
To the best of our knowledge, this is the first study to demonstrate geometric changes in the TV apparatus after TAP. Using RT3DE, we found that TV tenting of all three leaflets became aggravated after TAP, although TV annulus size was effectively reduced by TAP. Similar phenomenon has also been observed in patients with functional mitral regurgitation treated with mitral annuloplasty. 21 These results suggest that annulus size reduction can be achieved at the expense of aggravation of leaflet tenting, which may result from alterations in the angles between the annulus plane and the chordae, and from increases in distances between papillary muscles and leaflets caused by inward displacement of the annulus point after TAP. In the study, RV fractional area change tended to decrease immediate after TAP, and postoperative RV end-systolic area was a determinant of residual TR severity quantified using distal jet area. Therefore, such an RV dysfunction that can be occurring immediately after surgery for severe TR might aggravate TR. Unsatisfactory surgical results after TAP in patients with functional TR may be attributable to these unwanted geometric consequences. Aggravation of TV leaflet tenting after TAP may result, at least in part, from the fact that TAP cannot correct RV dilation. In the present study, we found that reduction of RV inlet dimension after TAP was less effective than was reduction of annulus diameter, and antero-posterior RV inlet dimension did not significantly change after TAP. The RV septal-lateral dimension may be relatively easily reduced by TAP because the lateral free-wall portion is not fixed by other cardiac structures. However, the Residual TR after tricuspid annuloplasty RV antero-posterior inlet dimension is less susceptible to modification because these anterior and posterior inlet portions are closely attached to the fixed portion of the interventricular septum and the RV outflow tract that is located on the anterior side. Although we could not analyse geometric changes within the entire RV using RT3DE, our data suggest that even the RV inlet portion cannot be effectively reduced after TAP. We also demonstrated using two-dimensional echocardiography that RV end-systolic area was not significantly reduced after TAP.
Pre-TAP determinants of residual TR
TV tenting volume measured before and after TAP, which includes many geometric components such as annulus diameters and leaflet tethering/tenting, was shown to be a major determinant of residual functional TR after TAP, regardless of the TR quantification method employed. Thus, effective reduction of tenting volume should be the ultimate goal of surgery for functional TR. In addition to reducing annulus size, other measures that can decrease TV tenting/tethering might be necessary to reduce TV tenting volume and thus to effectively correct functional TR. The importance of these additional procedures is emphasized by our data demonstrating that leaflet tenting becomes even more aggravated after TAP. TV leaflet augmentation was recently suggested as a surgical option to overcome leaflet tethering. 22 TV replacement rather than TAP would be another option to treat significant functional TR, especially in patients at high risk Aa, anterior leaflet tenting angle; A-P, antero-posterior; EDA, end-diastolic area; ESA, end-systolic area; FAC, fractional area change; PASP, pulmonary artery systolic pressure; Pa, posterior leaflet tenting angle; RV, right ventricle; Sa, septal leaflet tenting angle; S-L, septal-lateral; TR, tricuspid regurgitation.
annulus shape was associated with functional TR. The definitions for annulus orientations in this study were different from those in our current study. Medial-lateral and antero-posterior annulus diameters in the previous study appeared corresponding to antero-posterior and septal-lateral annulus diameters in our study, respectively. The free-wall directional annulus dilation, which was defined as antero-posterior dilation in the previous study, appeared to be main geometric alteration leading to significant functional TR, while the perpendicular annulus dilation to the free-wall direction, which was defined as antero-posterior dilation, turned out to be a major predictor of residual TR after TAP in our current study. The discrepancy between the two studies seems to be hard to clearly explain, but it might, at least in part, stem from a difference in geometric landmarks between the two studies and complex geometric alterations in TV apparatus and RV caused by TAP. Severe residual TR after TAP can be regarded as treatment failure, and TV replacement may then be warranted. Implementation of annuloplasty without ring and the presence of postoperative RV dysfunction have been reported as determinants of residual TR after TAP. 23, 24 Maze operation seems to prevent progression of TR after left-sided heart surgery. 25, 26 In this present study, it appeared however that pre-operative geometric parameters determined using RT3DE were better predictors for severe residual TR immediate after TAP than those clinical variables. The best cut-off values of the measurements described in this study may identify patients at high risk for severe residual TR after TAP, in whom TV replacement might therefore be considered as an initial surgical option. However, the specificities and positive predictive values of these cut-off values were 48 -84% and 9-32%, respectively, thus relatively lower than the sensitivities (86 -100%) and negative predictive values (97 -100%).
Therefore, individual tailored surgical planning and intra-operative transesophageal echocardiography may still be important in highrisk patients. Nevertheless, more pre-and intra-operative attention should be paid to those patients at high risk for severe residual functional TR after TAP, and TV replacement should be performed if necessary. Pulmonary artery systolic pressure after TAP was a major determinant of residual TR severity in this study. Therefore, reducing pulmonary hypertension by appropriate management for left-sided valvular or myocardial function and pulmonary condition should be important to reduce TR after TAP.
Study limitations
The proportions of patients with moderate and severe residual TR after TAP were relatively high, compared with a previous study. 5 This may be ascribed to differences in TR quantification methodology using two-dimensional colour Doppler echocardiography. We followed the recommendations of the American Society of Echocardiography, 20 and selected the maximal distal TR jet area among the jet areas measured on multiple two-dimensional views. When TR was quantified using vena contracta width, 5% of patients showed severe TR after TAP, which was lower than the proportion when assessed using distal jet area. Although inter-and intra-observer variabilities for measuring RT3DE geometric variables were acceptable in this study, it may not guarantee a general excellent reproducibility among other institutions. It may require a learning period to make more accurate RT3DE measurements possible. As described in the method, all measurement points marked on RT3DE-still frames were verified by overlap with moving images in this study to avoid incorrect measurement. Although we selected for geometric measurements a mid-systole frame on which TV tenting appeared to be smallest, we could not completely exclude inconsistency in selecting frames, especially in patients with atrial fibrillation. Since 83% of patients were in atrial fibrillation, it may have impacted on accuracy of RT3DE measurements and prevented us from assessing RV volume and ejection fraction with RT3DE.
In the present study, we evaluated the severity of residual TR immediately after TAP, thus before patient discharge from our hospital, but TR may change with longer follow-up periods because of . RV remodeling and changes in RV contractility. Geometric remodeling resulting in long-term changes in residual TR remains as a clinical issue to be explored in further studies. Patients in atrial fibrillation who underwent TAP without Maze operation may have recurrence of their TR after long-term follow-up. Lack of significant association found in the study between residual TR immediately after TAP and other known clinical factors such as ring annuloplasty and Maze operation might be ascribed to a relatively small number of patients, immediate observation of residual TR after TAP, and difference in baseline clinical and geometric characteristics between groups. Nevertheless, this study suggests that pre-TAP geometric variables may be more powerful predictors for residual severe TR immediately after TAP than such clinical parameters. Finally, geometric cut-off values determined in this study population may also need to be verified in a different study population in a prospective study.
Conclusions
